Purpose To assess the efficacy and safety of panzyga® (intravenous immunoglobulin 10%) in preventing serious bacterial infections (SBIs) in patients with primary immunodeficiency diseases (PIDs), a prospective, open-label, multicenter, phase 3 study and an open-label extension study were undertaken. Methods Initially, the study drug (infusion rate ≤0.08 mL/kg/ min) was administered at intervals of 3 or 4 weeks for 12 months, followed by 3 months of panzyga® at infusion rates increasing from 0.08 to 0.14 mL/kg/min. The primary endpoint in the main study was the rate of SBIs per patientyear on treatment. Secondary outcomes included non-serious infections, work/school absence, episodes of fever, quality of life, and adverse events (AEs). Results The main study enrolled 51 patients (35% female, mean age 26.8 years), with 21 participating in the extension study. The rate of SBIs per patient-year was 0.08 in the total population; there were four SBIs in the 4-weekly treatment group (2/30 patients) and none in the 3-weekly group (n = 21). Compared with 4-weekly treatment, 3-weekly treatment was associated with a higher rate of upper respiratory tract infections (RTIs), ear infections, and work/school absences, but a lower rate of lower RTIs and fever. Treatment was generally well tolerated; no AE led to treatment withdrawal or death. Conclusions Overall, the use of panzyga® in patients with antibody-deficient PID was associated with a low rate of AEs and was effective in preventing SBIs, exceeding US FDA and European Medicines Agency recommendations for efficacy.
Introduction
Primary immunodeficiency diseases (PIDs) comprise a heterogeneous group of disorders that have intrinsic defects involving the development and function of the immune system [1] . To date, >300 molecularly defined disorders have been identified with new PIDs still being added and classification ongoing [2] . Children and adults with PID and predominant antibody deficiency have an increased risk of severe bacterial, viral, and fungal infections, and present with infections that typically involve the upper and lower respiratory tracts, the gastrointestinal system, skin, and other organs [3] . Furthermore, patients with PID are at greater risk of developing malignancies [4] and autoimmune disorders [5] . Because most of these antibody deficiencies cannot be cured, affected patients require lifelong infusions with intravenous or subcutaneous immunoglobulin G (IVIG or SCIG) [6] . Replacement therapy with IVIG or SCIG provides patients with predominant antibody deficiency with specific antibodies, thus preventing serious bacterial and viral infections and reducing the number and duration of hospitalizations, as well as the loss of school/work days [6, 7] .
This report describes the results of a phase 3 study of 12-month duration and its 3-month extension; the main study objective was to assess efficacy and safety of two treatment schedules of 10% IVIG (panzyga®; Octapharma AG, Lachen, Switzerland) in preventing serious bacterial infections (SBIs), while the extension study provided data on the tolerability of panzyga® administered at high infusion rates.
Methods
The protocols for both studies were reviewed and approved by each study site's Independent Ethics Committee or Institutional Review Board before the study commenced. The studies were conducted in accordance with the ethical principles of the Declaration of Helsinki and the International Conference on Harmonization guideline E6: Good Clinical Practice. Adult patients provided written informed consent; for minors, both written informed assent (as applicable for the study site) and consent from the patient and the patient's parent/legal guardian, respectively, were required.
Study Design

Main Study
This prospective, open-label, non-controlled, non-randomized, multicenter phase 3 study examined two panzyga® infusion regimens administered every 3 or 4 weeks for 12 months in patients with PID from the USA and Europe (ClinicalTrials.gov record NCT01012323).
Inclusion criteria were age 2-75 years, confirmed diagnosis of common variable immunodeficiency disorders (CVIDs) or X-linked agammaglobulinemia (XLA), previous treatment with a commercial IVIG at a dose of 200-800 mg/kg body weight every 21-28 days for at least six infusion intervals, and evidence of an IgG trough level of ≥550 mg/dL at the previous two infusions before enrolment. Female patients of childbearing potential had to have a negative pregnancy test and use a reliable contraceptive method during the study. A minimum weight requirement was based on the blood test volumes needed for the study.
The main exclusion criteria were (1) requirement for routine premedication for IVIG infusion, (2) severe impairment of liver function, (3) abnormal renal function, (4) congestive heart failure or uncontrolled arterial hypertension, (5) a positive screening test for HIV and/or hepatitis B or C infection, (6) treatment with immunosuppressive or immunomodulatory drugs, and (7) pregnant or nursing women.
This study was designed in accordance with the US Food and Drug Administration (FDA) and European Medicines Agency (EMA) guidelines on the clinical investigation of human IVIG [8, 9] .
Extension Study
Patients in the USA who had completed the main study and were 6 years or older were eligible to enroll in the extension study (ClinicalTrials.gov record NCT01313507). A further inclusion criterion was administration of the maximum infusion rate (0.08 mL/kg/min; 480 mg/kg/h) for the last three infusions of the main study, without need for premedication. Exclusion criteria were any condition or circumstance that would result in exclusion from the main study, administration of any immunoglobulin apart from panzyga® between the conclusion of the main study and start of the extension study, and any deviation in the patient's treatment interval of >7 days between the last infusion in the main study and the first infusion in the extension study.
Study Medication
Panzyga® is a ready-to-use, sterile, glycine-stabilized 10% liquid preparation of polyvalent human immunoglobulin G (IgG) for intravenous administration with physiologic osmolality (240-310 mosmol/kg). Virus safety is achieved through a combination of various process steps, including S/D treatment, ion-exchange chromatography, and nanofiltration (20 nm).
Main Study
Each enrolled patient received 200-800 mg/kg body weight of study drug every 21 (±3) or 28 (±3) days for 12 months, unless medical conditions or other circumstances resulted in the patient's withdrawal from the study. Individual treatment doses and intervals were dependent upon the patient's previous IVIG dose and dosing frequency before entry into the study. Patients received treatment using an infusion pump at the following rates: 0.01 mL/kg/min for the first 30 min, followed by 0.02 mL/kg/min for the second 30 min; infusion rates were then increased every 30 min using predefined patterns with maximum rates of 0.04 mL/kg/min (first and second infusion), 0.06 mL/kg/min (third and fourth infusion), 0.07 mL/kg/min (fifth and sixth infusion), and 0.08 mL/kg/min (all subsequent infusions). Rate increases were only made if the lower infusion rate was tolerated. Patients receiving treatment every 3 weeks had a total of 17 infusions, and those receiving treatment every 4 weeks had a total of 13 infusions.
Extension Study
The dose and infusion schedule remained unchanged from the main study. Patients received panzyga® using an infusion pump at the following rates: 0.01 mL/kg/min for the first 30 min, followed by 0.03 mL/kg/min for 15 min; infusion rates were then increased every 15 min using predefined patterns with maximum rates of 0.10 mL/kg/min (first infusion), 0.12 mL/kg/min (second infusion), and 0.14 mL/kg/min (all subsequent infusions). Rate increases were only made if the prior infusion rate was tolerated. Patients receiving treatment every 3 weeks had a total of five infusions, and those receiving treatment every 4 weeks had a total of four infusions.
Treatment Outcomes
Main Study
The primary efficacy endpoint was the rate of SBIs (defined as bacteremia/sepsis, bacterial meningitis, osteomyelitis/septic arthritis, bacterial pneumonia, and visceral abscess) per patient-year on treatment. Secondary endpoints included the number of episodes per patient-year of other infections; the type, severity, and time to resolution of other infections; number of days of use of antibiotics per patient-year on treatment and type and dose; number of days of absence from school or work per patient-year on treatment; hospitalizations due to infection and number of days of hospitalization per patientyear on treatment; reason for hospitalization; and number of episodes of fever per patient-year on treatment. These data were collected from patient diaries which were checked by the investigator at each visit.
Safety assessments included type and frequency of adverse events (AEs), laboratory parameters (hematology, biochemistry, direct Coombs test, urinalysis, and viral markers), vital signs, and physical examination. The severity of AEs was described as mild (no significant discomfort to patient or change in routine activities), moderate (limitation in activity with possible need for some assistance; no or minimal medical intervention/therapy required), or severe (marked limitation in activity with required assistance; medical intervention/therapy required). AEs were identified as serious (SAEs) if they resulted in death or persistent or significant disability/incapacity, were life-threatening, required hospitalization or prolongation of existing hospitalization, or other important medical event.
Extension Study
The primary endpoint was occurrence of AEs causally and/or temporally related to panzyga® given at infusion rates of up to 0.14 mL/kg/min. The safety parameters assessed were the same as those in the main study.
Statistical Analysis
The statistical software package used in both studies was SAS, version 9.1 or higher.
Main Study
The full analysis set (FAS) included all patients who received ≥1 complete treatment and had available data on infections from ≥1 post-treatment diary. The per-protocol (PP) set consisted of those patients in the FAS with no major protocol violations. The safety set included all patients who had received at least one infusion. The rate of SBI/year for each patient was presented as point estimates of the rate along with a 99% confidence interval (CI) and was calculated as r = (total number of SBIs) / (patient-years on panzyga® treatment). The null hypothesis was to be rejected if the upper one-sided confidence limit for SBI rate per patient-year was less than 1.0, tested at the 1% significance level. The planned sample size was 50 patients, based on an SBI frequency of <0.5/year in patients receiving regular IVIG [8] , and accounting for an overall dropout rate of 15%.
Extension Study
The planned number of patients for the extension study was 20-35, based on the number of patients enrolled in the main study from US study sites who completed the study at the maximum infusion rate and without the need for premedication and did not meet the exclusion criteria for the extension study.
Results
Patient Characteristics
Main Study
In total, 51 patients (13 children [≥2 to <12 years], 12 adolescents [≥12 to <16], and 26 adults [≥16 to ≤75]) were enrolled from 11 study centers, seven in the USA and four in Europe. The patient disposition through the study is outlined in Fig. 1 . One patient with bronchiectasis on a 4-week schedule was removed from the study after nine infusions at the investigator's discretion, in order to increase the IVIG dose to 800 mg/ kg following exacerbation of the lung disease. All patients enrolled in the study received at least nine infusions and provided data on infections by at least nine post-treatment diaries, so all 51 patients were included in the FAS. One patient on the 4-week infusion schedule was excluded from the PP set for major protocol violations, including missing two infusion visits. The remaining patients (n = 50) comprised the PP analysis set.
There were no substantial differences in baseline characteristics between the two treatment groups (Table 1) . Briefly, the mean age of the total population was 26.8 years (range 2-65 years), 35% were female; 14% of all patients were of Hispanic or Latino ethnicity. Twenty-one patients (41%) were treated with 3-weekly infusions, and 30 patients (59%) with 4-weekly infusions (Table 1) . Of the 51 patients enrolled in the study, 43 patients (84.3%) were diagnosed with CVID and eight patients (15.7%) with XLA.
The mean duration of treatment was 360 days. Overall, there were 740 infusions with an actual mean IgG dose of 417 g (range 104-1224 g) per patient, and a mean dose per infusion of 485 mg/kg body weight. The mean duration of each infusion was 2.2 h (range 1.4-4.3 h). Of the high-rate infusions, 90.1% were administered at the maximum rate of 0.08 mL/kg/min.
Extension Study
The extension study enrolled 21 patients (eight children [age ≥ 6 years to <12], three adolescents [≥12 to <16 years], and ten adults [≥16 to ≤75]) from six US centers. All patients completed the study. Thirty-eight percent of patients were female and the mean age of the patient cohort was 23.8 years (range 6-62 years). Hispanic or Latino ethnicity was reported by 19% of patients. Most patients (76.2%) had CVID, while the remainder had XLA.
The mean treatment duration was 107 days. Patients had a total of 96 infusions. The actual mean dose of IgG per infusion was 29.8 g or 542 mg/kg body weight. The mean duration of each infusion was 1.5 h (range 1.2-2.0 h), and 85.2% of the high rate infusions were administered at the maximum rate of 0.14 mL/kg/min.
Efficacy
Primary Endpoint
In the FAS, all SBIs reported were bacterial pneumonia, and occurred in patients receiving 4-weekly infusions ( Table 2 ).
The rate of SBIs per patient-year was less than 1.0 in all treatment groups (Table 2 ). This result was confirmed in the PP set, from which one patient with an SBI was excluded, with a rate of SBI per patient-year for all patients of 0.061 (99% CI 0.0060-0.6246); of note, the excluded patient who experienced an SBI missed two infusion visits and was late for others and had low IgG levels during the study (≤500 mg/dL).
Secondary Endpoints
For both treatment schedules, trough levels of serum IgG were almost constant throughout the study. Patients on a 4-week infusion schedule had median IgG trough levels of 810-870 mg/dL, while patients on a 3-week schedule had median levels of 1100-1220 mg/dL. Over 75% of patients reported a non-serious infection (Table 3) . Infections occurring in >25% of the total population included lower (LRTI) and upper respiratory tract infections (URTIs) and infections of the gastrointestinal tract. Patients in the 3-weekly group reported more URTIs and ear infections than the 4-weekly group and fewer LRTIs ( Table 3 ). The rate of other infections per patient-year was 3.68 in the total patient group, with a higher rate for patients in the 3-weekly schedule (4.19) than in the 4-weekly schedule (3.33).
The mean time to resolution of infection was 14.3 days for SBIs and 18.4 days for other infections. The time to resolution of non-serious infections was higher in the 4-weekly group vs the 3-weekly group (21.4 vs 14.9 days), but high standard deviations were seen in both groups (data not shown).
Antibiotics were used by 82.4% of patients during the course of the study of which 86.0% were for therapeutic reasons, while the rest were prophylactic use. The percentage of patients using antibiotics was similar between treatment groups (data not shown).
Overall, 49.0% of patients in the study had a total number of 68 absences from work or school due to infections; the percentage of patients taking absences and the number of absences were higher in the 3-weekly group (13 of 21 patients [61.9%] and 37 absences) than in the 4-weekly group (12 of 30 patients [40.0%] and 31 absences). There were 183 days missed from work/school during the study, and the mean number of days missed per patient-year was 3.64.
Only one patient treated at 4-week intervals was hospitalized due to infections (for bacterial pneumonia; total duration of hospital stay 4 days; overall rate of days in hospital per patient-year 0.080). Fourteen episodes of fever occurred in 11 patients (Table 4) .
Safety
Main Study
Of the 51 patients in the safety set, 48 (94.1%) experienced ≥1 AE during the study. No AEs led to study withdrawal or death. Table 5 lists AEs experienced by >10% and related AEs experienced by >3% of treated patients. Patients in the 4-weekly group had a higher incidence of SAEs (13 vs 5%).
In contrast, more patients in the 3-weekly treatment group had severe AEs than patients in the 4-weekly group (24 vs 7%). During the course of this study, treatment-emergent AEs that were classified by the investigator to be related to the study medication occurred in 16 patients (31.4%); six patients (28.6%) enrolled in the 3-weekly treatment schedule and ten patients (33.3%) in the 4-weekly treatment schedule. The age distribution was as follows: 42.3% of adults (62.5% 3-weekly; 33.3% 4-weekly group), 25.0% of adolescents (12.5% 3-weekly; 50.0% 4-weekly group), and 15.4% of children (none 3-weekly; 25.0% 4-weekly group). The most common events in adults were headache (26.9%), nausea (11.5%), and vomiting, upper abdominal pain, and pyrexia (7.7% each), while in adolescents, the most common were headache, pyrexia, fatigue, and chills (8.3% each) and in children abdominal pain (15.4%) and chills, headache, nausea, and ear pain each in one case (7.7%). Only two patients received premedication (3.9%) for three infusions (0.4%).
The maximum infusion rate of 0.08 mL/kg/min was used in 90.1% of infusions after the seventh infusion. Study medication-related (possible or probable) treatmentemergent AEs occurred during 38 infusions (5.1%: 2.7% in children, 2.2% in adolescent, and 7.8% in adult infusions). Study medication-related headache was the most abundant and noted in 22 infusions (3.0%). Most of these (35/38) occurred within 72 h after end of infusion. Only 13 infusions had clinically significant abnormal values in hematology parameters or urinalysis, and none was present in three or more infusions. There were no abnormalities in direct Coombs test, biochemical assessments, viral markers, vital signs, and physical examinations. Three patients had hematological AEs; one patient had leukopenia (no treatment was required), one had thrombocytopenia, and one had anemia (both resolved due to effective treatment). No change to the study medication administration schedule was required in these patients.
Extension Study
Of the 21 patients in the safety set, 17 (81.0%) experienced at least one AE during the study which were generally mild to moderate in intensity with only one patient having severe AEs (4.8%). No AEs led to study withdrawal or death. No SAEs were reported. Table 6 lists AEs experienced by at least two (9.5%) and the related AEs experienced by >3% of treated patients. There was a higher overall incidence of AEs in patients receiving the 3-week treatment schedule than the 4-week schedule (91.7 vs 66.7%), as well as a higher incidence of related AEs (25.0 vs 11.1%) and severe AEs (8.3 vs 0%).
AEs were considered treatment-related in four patients (19.0%); two children had a total of three related AEs (abdominal pain, headache, and vascular procedure complication each 12.5%) and two adults had a total of six related AEs (nausea Table 5 Display of all adverse events (AEs; frequency >10% of the 51 total patients) and study medication-related AEs (frequency >3%) by MedDRA System Organ Class and Preferred Term in the main study population
Adverse event
All AEs, n (%) Related AEs, n (%) No patients received premedication. The maximum infusion rate of 0.14 mL/kg/min was used in 19/21 patients. Study medication-related (possible or probable) treatment-emergent AEs were observed with six infusions (6.3%), 8.3% in children, none in adolescent, and 6.7% in adult infusions. Headache was the most abundant event during the extension study and noted in three infusions (3.1%).
There were no clinically significant changes in laboratory parameters and no prominent results from vital signs or physical examination during the extension period.
Discussion
Both the FDA and EMA recommend that a finding of a serious infection rate per patient-year of <1.0 is adequate evidence of efficacy of IVIG as substitution therapy [8, 9] . The current study meets this requirement, with a rate of SBI as low as 0.08 overall, confirming the efficacy of panzyga® in preventing the occurrence of SBIs in patients with PID. This low rate of SBIs as well as the low rate of other infections (3.7 per patient/year) further confirms that the dosing and corresponding trough levels observed in this study were adequate. The average dose calculated by body weight at each infusion was 485 mg/kg body weight, which is in line with doses recommended in the core summary of product characteristics. Serum IgG trough levels were nearly constant for both treatment schedules during the course of the study and exceeded the trough level of 600 mg/dL recommended by EMA [10] .
The results from the present study are consistent with other clinical trials investigating the efficacy of IVIG in patients with antibody-deficient PID. A study of 80 adults and children with CVID or XLA treated with Privigen® 10% at a dose of 200-888 mg/kg every 3 or 4 weeks for 12 months had an annual SBI rate of 0.08 (upper one-sided 97.5% CI 0.182), while the annual rate of all infections was 3.55 [11] , similar rates to those seen in the present study. The average annual rate of missed school or work days was 7.94 days/patient [11] , a higher rate than what was seen with panzyga®. In another study of 22 patients with PID receiving 300-450 mg/kg Kiovig 10% every 3 weeks, no episodes of severe infection were reported, and the median monthly rate of mild or moderate infection episodes was 0.48. The rate of days off work/ school per month ranged from 0 to 1.58 in the observational period [12] .
Other clinical trials include a 46-patient study of octagam® 5% IVIG (400 or 600 mg/kg every 28 days or 300-450 mg/kg every 21 days) for 12 months, in which the estimated infection rate was 0.1 SBIs/patient/year (98% CI 0.033-0.279) and mean number of days of work or school missed was 5 during the course of the study; both outcomes were similar to those in the present study [13] . A study with Flebogamma® 10% DIF infused at a dose of 300-600 mg/kg every 3 or 4 weeks for 12 months in 46 PID patients reported that the overall rate of acute SBIs/patient/year was 0.025 (98% CI 0.001-0.133) and the overall mean rate of all infections was 2.2/patient/year, with 43% patients reporting missing at least 1 day of work/school/usual activities, with the mean number of days lost being 3.0 [14] . A 12-month study of Bivigam® 300-800 mg/kg infused every 3 or 4 weeks into 63 patients with PID demonstrated a SBI rate of 0.035/patient/year, and a general infection rate of 2.6/patient/year. Days off work or school were 2.28/patient/year [15] , results again similar to our study. In the present study, the proportion of patients who experienced infections other than SBIs was greater and the rate of URTIs was higher in the 3-weekly group than in the 4-weekly group. This could have been a chance occurrence that may have taken place in any random grouping of patients, as the patients continued with their treatment schedule and dose that they had received before enrolment into this study. Alternatively, it is possible that patients who were placed on a 3-weekly schedule for IVIG treatment were likely to have a more compromised immune system and, therefore, be at greater risk of developing such infections.
The majority of AEs were assessed as mild; none led to study withdrawal or death. None of the patients in the study exhibited signs of hemolysis. As expected, the most frequent related AE observed was headache. The tolerability and safety profile was excellent at high infusion rates. Indeed, panzyga® could be safely administered at infusion speeds that were equal [16] or considerably higher than used in most clinical trials treating antibody-deficient patients with IVIG, exceeding the maximum approved rates for most IVIG preparations [11, 17, 18] . Most patients (>90%) in the extension study tolerated the highest infusion speed of 0.14 mL/kg/min (840 mg/kg/h), without any associated increase in rates of AEs. In fact, there was a decrease in the related AE rate from 31.4% in the main study to 19.0% in the extension study.
The strengths of the study include its multicenter, international design, and the wide age range of the patients, which makes the results applicable to an extended population. The high proportion of patients (96%) completing the study without any major protocol violation is an additional strength. Limitations of the study include the lack of a comparator group and a lack of blinding, although it should be noted that this study was designed in accordance with the study design recommendations of the FDA and the EMA for studies of IVIG in the treatment of PID [8, 9] .
Conclusion
These results demonstrate that treatment with panzyga® is highly effective in PID patients with predominant antibody deficiency and has excellent tolerability; patients exhibited a very low level of SBIs and a low rate of related AEs, even when infusion rates were increased up to 0.14 mL/kg/min.
